Electron-impact dissociative ionization of the CH 3 F molecule has been studied in a double-focusing time-of-flight mass spectrometer. and H + , have been measured for impact electron energies up to 100 eV and the total ionization cross section was computed by adding up the partial ionization cross sections of the set of ejected ions. Kinetic energy distributions and appearance potentials of the nascent ions were also characterized and further compared with the thermodynamic appearance energies in order to provide the identification of the dissociative ionization channels. A discussion of the correlation between the channel appearance potentials and the precursor bond character and molecular orbital energies is also presented.
Introduction
Monofluoromethane is regarded as a potential candidate to substitute for some highly aggressive chlorofluorocarbons (CFCs) (Molina and Rowland 1974) in widespread industrial applications, such as silicon wafer processing, aerosol propellants, additives in gas dielectric mixtures, fluorine donors, etc (Roth 1995) . Fluorocompounds have long lifetime cycles in the atmosphere, and are slowly removed by sun radiation photolysis and reaction with the O( 1 D) radical, the precursor of ozone (Ravishankara et al 1993) . The removal by electron collisions in the upper atmosphere has rarely been considered as a significant source of depletion, although the influence may be significant for the more stable members of the family.
The CH 3 F molecule photoelectron spectra have been reported elsewhere (Brundle et al 1970 , Pullen et al 1970 , Weitzel et al 1995 and show three separate bands at 13, 17 and 24 eV, assigned to the ionizations (2e) −1 , unresolved (5a 1 ) −1 and (1e) −1 , and (4a 1 ) −1 respectively. 3 Author to whom any correspondence should be addressed.
The spectrum shows a neat Jahn-Teller distortion in the ground state of the ion. Quantum chemistry computation and analysis of the electronic wavefunctions reveal that some of the external molecular orbitals (MOs) have either C-H or C-F bonding/anti-bonding character (Brundle et al 1970) . Thus far, no information has been reported on the channels implied in the electron impact on CH 3 F. However, Dibeler and Reese (1955) and Locht and Momigny (1986) observed that the CH + 3 kinetic energy distribution (KED) has two peaks, centred at low (i.e. quasithermal) and high kinetic energies. Their presence has been explained by Franklin et al (1967) . In a survey on fluoromethane (Weitzel et al 1995) it was noted that the fluoromethane ion has two unimolecular reaction pathways: one statistical through the ground electronic state and the other non-statistical, occurring through the first electronically excited state. Vallance et al (1997) have reported the electron-impact total ionization cross sections (ICSs), in the 0-180 eV energy range, of a series of halomethanes, including monofluoromethane. The total ICS for CH 3 F has been characterized by our group and the results compared with those computed by the binary-encounter Bethe (BEB) theory, the Deutsch-Märk (DM) formalism, the modified additivity rule (MAR) and the polarizability (HV) method (Torres et al 2001) . The partial ICSs of the ions derived from CH 3 F are, however, unknown.
This work reports the absolute partial ICSs of the set of ions yielded by electron impact on CH 3 F and their appearance potentials (APs) as well as the total ICS. The properties are completed with the ion KEDs (Torres et al 2000b) and MO calculations, in order to work out the most probable channels used to produce the set of nascent ions.
Experimental details
The experimental set-up used has been presented elsewhere (Torres et al 2000a (Torres et al , 2000b and only a succinct summary is given here. A pulsed supersonic molecular beam of CH 3 F seeded in Ar is crossed at right angles with a spatially narrow electron beam in an electrical field-free volume, yielding a number of nascent ions. 300 ns after the electron-molecule collisions are over, a negative pulse is applied to an extraction grid routing the ions through the 86.5 cm long time-of-flight (TOF) tube of a linear two-field Wiley-McLaren TOF-MS, provided with a pair of focusing lenses. The ions arrive at the microchannel plate (MCP) (C-07001, diameter 18 mm) detector at variable times depending on their mass-to-charge ratio, and generate an electrical signal that is sent to a digital oscilloscope. The electron energy is varied from 0 to 100 eV and calibrated to an accuracy better than ±0.7 eV by comparison with the Ar + and Ar 2+ APs (Rosenstock et al 1997) . The electron gun energy spread is estimated to be 1 eV at 100 µA current. AP measurements were carried out at low filament heating current, to an estimated accuracy of ±0.5 eV. Partial ICSs were measured by Syage's method (Syage 1988) with Ar (40 amu) as the internal reference, the mass of which is close to that of CH 3 F. The partial pressure of the mixture (CH 3 F and Ar) was measured to 1% accuracy (MKS-Baratron 750B). The absolute partial ICS, taking CH + 3 as an example, is computed with the relation
where I CH + 3
, I Ar + are the detected ion currents for CH + 3 and Ar + respectively, and n CH 3 F and n Ar are the gas densities of the precursor and the reference gases. The Ar + ICSs, σ Ar + (E), were taken from the work by Straub et al (1995) . The total ICS was determined by adding the partial ICSs.
Ion APs are affected by the kinetic and other internal energy releases on the formation channel, and are expected to yield a higher energy than that computed from the enthalpies of formation. Consequently, identification of the ionization channel yielding an ion must take into account the kinetic energy release for the ion considered and also for the partner fragment ions and/or neutrals. The KED of the nascent ions (Torres et al 2000b) has been characterized by analysing the TOF band profiles (Schäfer et al 1991) . The experiments show that light fragments emerge with high kinetic energy and are difficult to focus on the detector, providing smaller apparent cross sections. The sources of error in computing dissociative ICSs are mainly due to the uncertainty of the reference cross section value (3.5% according to Straub et al (1995) ) and the width of the electron impact energy, estimated to be less than ±1 eV after calibration. Pressure measurement, to an accuracy of 1%, is also a minor source of error. Overall errors are estimated to be less than 5-10% for ions with a mass similar to that of the reference, increasing to 15-20% for the lighter fragments.
Results and discussion
The mass spectrum produced by electron impact at 70 eV on CH 3 F is shown, as an example of the results obtained, in figure 1. The spectrum shows the characteristic parent ion peak, in contrast with halomethanes with a high F content, as CF 4 and CHF 3 (Torres et al 2002) . The mass spectrum matches that reported by Masuoka and Koyano (1991) (Straub et al 1998) .
It is worth noting the absence of doubly charged ions. Ion signals at longer TOF than CH 3 F + are due to ion recombination and cluster production in the supersonic expansion. In spite of the error that these ions may introduce into the partial ICS measurements, the total ICSs are barely affected because of their low values in comparison with ions produced by direct dissociative ionization. These errors are lower than those produced in the actual measurements of ions with high KEDs. In the following, we discuss the main parameters studied.
Cross sections
Partial and total ICSs as a function of the electron-impact energy are plotted in figure 2 and detailed in table 1. For comparison purposes, figure 2(d) also includes the total ICSs reported by Vallance et al (1997) and our own theoretical BEB calculations (Torres et al 2002) . At energies close to the CH 3 F + ion AP, its peak is dominant. CH 3 F + and CH 2 F + formation compete over the entire energy range studied, showing that hydrogen atom loss does not have an energy-dependent effect. At higher energies the CH + 3 formation channel, with the loss of one fluorine atom, competes with CH 3 F + formation and becomes the dominant channel at impact energies higher than 45 eV. A similar observation is made regarding the formation of CH 2 F + and CH + 3 , the latter becoming dominant at just over 30 eV. Therefore, atomic fluorine loss is favoured at high electron impact energies.
Another aspect worth noting in relation to H + ion formation is the high KE observed (Torres et al 2000b) , extending up to 12 eV for electron impact energies above 40 eV. The focusing of an ion with wide KED onto the MCPs is poor and impairs the detector signal. Accordingly, the H + ICSs are probably higher than those readily observed and the total ICSs are higher than the values reported, particularly at high electron-impact energies (Torres et al 2002) . Figure 2(d) shows the total ICS lower than others reported elsewhere (Vallance et al 1997) and that calculated by the BEB method (Torres et al 2001) . Nevertheless, both profiles are in excellent agreement.
Appearance potentials (APs)
The APs of the most significant ions produced by electron collision on CH 3 F were measured by recording the selected ion signal intensity as a function of the electron impact energy and, further, extrapolating to zero intensity. The mass spectrum shown in figure 1 indicates that the majority of signals have neighbouring peaks within 1 amu of each other, arising from CH n + and CH n F + (n = 0-3) groups. The overlapping causes AP measurement to contain components of neighbouring species, giving rise to inaccuracies. Figure 3 shows, as examples, the AP determinations for CH 3 F + , CH + 3 , CH + 2 and CH + . The Ar + ionization peak (IP = 15.75 eV) is also included in the spectra, to calibrate the electron energy. The electron-impact ionization channels are depicted in table 2 and mismatch the experimental APs. The fragment heats of formation, taken from JANAF tables (JANAF 1985) and other standard data collections (Lide 1992 (Lide -1993 (Torres et al 2000b) . In order to reduce the number of feasible channels, it has been assumed that the electronic and vibrational energy contributions are negligible, and the atoms or neutral molecules are in their ground states. In general, these channels correspond to the lowest energy dissociation pathways. Other possible channels yield ion pairs, double ionizations, Rydberg states etc (Masuoka and Koyano 1991).
The CH 3 F + and CH 2 F + ions have APs of 13.1 and 13.9 eV respectively, both close to thresholds derived from heats of formation. Thus, the fragments are produced with low kinetic energy of thermal characteristics. The patterns are in good agreement with those reported in photoelectron spectroscopy (PES) (Brundle et al 1970 , Eland et al 1976 . The CH + 3 ion has been extensively studied in photoionization experiments. Photoelectron spectra show three onsets at 12.45, 14.50 and 16.10 eV (Locht et al 1987) . Such low APs are not observed by electron impact and the experimental threshold of 16.7 ± 0.5 eV is consistent with atomic fluorine loss along channel number 3. Furthermore, a KED of 0-2 eV is in good agreement with our previous work (Torres et al 2000b) . The remark compares favourably with those from other PESs (Locht and Momigny 1986 , Eland et al 1976 , Krauss et al 1968 where high energy CH + 3 formation was correlated with APs of around 16 eV. The data are also in good agreement with the electron-impact onset of 16.3 eV reported by Dibeler and Reese (1955) . Table 2 . Correlation between the ionization channels, referred to by a channel number, and the calculated and experimental thresholds for the most significant ion fragments produced by electron impact on CH 3 F. Observed translational energy data have been extracted from Torres et al (2000b For CH + 2 ions the AP has been measured to be 21.3 ± 0.5 eV. The KED associated with the ion formation at threshold energy is in the range 0.5-1.5 eV, in good agreement with channel 5, where the partners are atomic hydrogen and fluorine. The contribution of channel 4 also ought to be considered, since CH + 2 is produced by withdrawal of one electron from an MO with an ionization potential (IP) 4-5 eV below the measured AP. Appearance of electronically excited HF is thought to be possible, since ion-pair states have been observed in discharges (Diegelmann et al 1982) and low temperature plasmas (Martínez 1992 ) of fluoromethanes. The onsets of formation of the CH + 2 ion observed in a quadrupole mass filter are 13.9, 14.63, 17.2 and 22.36 eV (Locht et al 1987) , but mass selection is not accurate enough to distinguish CH + 3 and CH + ion masses from those of CH + 2 . Nonetheless, an AP of 22.36 eV is consistent with our measurements if experimental error is accounted for.
The CH + AP has been measured at 26.8 ± 0.5 eV but there are no previous data to compare with. The KED for CH + ions at threshold electron energy peaks at 0.2 eV (Torres et al 2000b) , which correlates with CH + thermal production; however, KED is extended to 4 eV. Therefore, it seems plausible to relate CH + ion formation with that of two hydrogen and one fluorine atoms, as shown in channel number 8. CF + and CHF + ions have KEDs in the thermal energy range, including electron-impact energies above ion formation threshold (Torres et al 2000b) . The CF + AP is 20.4 ± 0.5 eV, close to the energy required to yield three hydrogen atoms, higher than the 16.6 eV necessary to produce H 2 + H, and suggesting that the former is the appropriate channel for a CF + ion with low KED. CF + ion formation by channel number 9 is feasible if the energy difference (from 16.6 to 20.4 eV) comes out as kinetic energy shared by the dissociation products. Formation of the CF + ion through channel 9 has also been observed by Weitzel et al (1995) , who determined a photodissociation AP (TPEPICO) of <17.7 eV, close to the thermodynamic value of 16.6 eV.
The AP of the CHF + ion is found to be 13.8 ± 0.5 eV, close to the thermodynamic 14.05 eV. In consequence, the CHF + ion formation pathway can be correlated with channel number 11. Photoelectron-photoion coincidence (PEPICO) experiments have also provided a 13.9 eV threshold (Weitzel et al 1995) .
The CH 3 F molecule can undergo a double ionization at 35.0 ± 0.5 eV and Coulombic repulsion yields CH 3 F 2+ ion fragmentation (Masuoka and Koyano 1991). However, the C + AP is found below this energy, at 28.8 ± 0.5 eV (table 2) , and produced with a broad KED extending to 5 eV (Torres et al 2000b) . The AP correlates with the formation of the C + ion with channel number 15, where H 2 , H and F appear as their partners, at a thermodynamic calculated energy of 24.26 eV. However, some contribution to C + formation may also be expected from channel 16 since its KED peaks at low energy.
Finally, the F + ion has been observed at electron-impact energies above 35 eV, and shows a very broad KED reaching 8 eV. The formation could be explained by channels 20, 21 or 22. It should also be noted that CH 3 F 2+ fragmentation is a plausible route to high kinetic energy atomic ion formations, such as F + , at energies above 35.0 ± 0.5 eV (Masuoka and Koyano 1991).
Dissociation pathways and parent molecular orbitals
The outer MOs of the CH 3 F molecule computed with the Gaussian code 98W at the HF/6-311G* level are ( 3a 1 with the experimental adiabatic and vertical IP obtained by photoelectron spectroscopy (PES) (cf, for example, Masuoka and Koyano 1991). The effective occupation number of each orbital is given in the last column of table 3 and has been calculated by a Mulliken population analysis (Hehre et al 1986) .
The CH 3 F + , CH 2 F + and CHF + ions must all originate from the (2e) −1 dissociation since their APs are below that of the (5a 1 ) MO and are produced with negligible kinetic energies. However, the adiabatic IP of the outer valence MO (2e) is 12.54 eV, indicating that, although the CH 3 F + ion is produced with low kinetic energy, the CH 2 F + (AP = 13.9 eV) ion should come out with about 1 eV kinetic energy, and similarly, the CHF + ion, produced at 13.8 eV, should emerge with about the same kinetic energy. This observation that small potential increases open channel numbers 1, 2 and 11 is probably because excess energy is distributed amongst vibrational modes. Further, if one considers the Jahn-Teller effect for a C 3v symmetric top molecule such as CH 3 F, the excess of energy up to the APs of CH 2 F + and CHF + ions is expected to activate the vibrational mode. This behaviour is also known as the quasiequilibrium theory (QET) (Rosenstock et al 1952) : CH 3 F + appearance will proceed through FranckCondon transitions to high vibrational levels, where part of the energy is redistributed among the numerous degrees of freedom. Molecular ion decomposition can then occur when the energy stored in one degree of freedom is in excess of the dissociation energy of the molecule. Further, the formation of vibrationally excited CH 2 F + and CHF + should be expected since the (2e) −1 ionization constitutes the removal of an electron from an MO that is mostly C-F anti-bonding and C-H bonding, giving rise to an ionic state that should be more stable in the C-F than the C-H coordinate.
The (5a 1 ) and (1e) adiabatic IPs are higher than 15.8 eV (Brundle et al 1970) and are unresolved in photoelectron experiments. The CH + 3 AP reported in this work is 16.7 ± 0.5 eV. The difference between the potential of the (5a 1 ) −1 and (1e) −1 states and the AP is due to CH + 3 kinetic energy release, which expands to over 1 eV (cf column 5 in table 2). Both (5a 1 ) and (1e) orbitals have some C-F bonding character, but the (1e) orbital shows C-H bonding character of a similar magnitude to the C-F character. The loss of atomic fluorine with CH + 3 ion formation should proceed through extraction of an electron located within these orbitals and, according to the slightly higher C-F bonding character, the (1e) orbital should be more involved. The energy excess at threshold is between 1.4 and 2.4 eV, which correlates with an IP close to 16.2 eV. Correlation between CH + 3 ion formation and (5a 1 ) or (1e) electron extraction agrees well with the measurements of Eland et al (1976) where CH + 3 formation was related to pathways alongÃ 2 A 1 andB 2 E states of the parent-ion molecule. These states are related to (5a 1 ) and (1e) electron extractions respectively.
The CF + ion has an AP of 20.4 ± 0.5 eV (table 2) , and as a consequence cannot be correlated with (4a 1 ) −1 extraction, expected to be around 22.7 eV (Brundle et al 1970) . The CF + formation must be associated with a lower energy MO: (1e) or (5a 1 ). In this case the CF + ion would be expected to appear with a KED extending up to 4 eV, while experiments show that the CF + ion is produced with a KED no greater than 0.5 eV. This difference can be accounted for by translational energy transfer to hydrogen atoms, which are partners of the CF + ion along channel number 9 (table 2) . Similar behaviour is observed in the case of the CH + 2 ion, for which the AP is measured to be 21.3 ± 0.5 eV, showing a small KED when compared with the energy difference from a (5a 1 ) or (1e) ejection. Locht et al (1987) analysed vibrationally hot CH + 2 formation (up to 2.3 eV) following irradiation of CH 3 F by synchrotron radiation. A kinetic energy increase of 4 eV was observed at impact energies two or three times that of the AP. This behaviour is related to the opening of other dissociation channels (channel 4) for the parent-ion molecule, or ion-molecule formation through extraction of other electrons (4a 1 ).
The CH + ion AP is about 4 eV higher than the IP of an (4a 1 ) electron. This energy excess agrees well with the experimental kinetic energy of CH + formation and it is assigned to channel number 8. Similarly, the C + ion has an AP of 28.8 ± 0.5 eV with a broad KED extending up to 5 eV at threshold. These values are closest to the IP of the (4a 1 ) MO (adiabatic potential of 22.7 eV according to Brundle et al (1970) ). We can conclude that channel 16 (table 2) gives rise to C + ion formation. Finally, F + ions are produced with a very broad KED, having an AP lower than that necessary to reach the (3a 1 ) −1 ionic state. However, F + ion formation can be explained by fragmentation of the doubly ionized CH 3 F 2+ molecule, which is produced, as has been previously discussed, at energies of about 35.0 ± 0.5 eV (Masuoka and Koyano 1991) .
